INTRODUCTION
Although classified as a vitamin, vitamin D is not a true vitamin since significant amounts of vitamin D are made in the skin in association with sunlight exposure. The amount of vitamin D made as a result of sunlight exposure depends on a number of factors including skin pigmentation, age, latitude, season, and sunscreen use. Since the sun is an unreliable and difficult to control source of vitamin D, it seems to be inadequate or unreasonable to suggest that vitamin D should be obtained exclusively by exposure to sunlight. There are problems with obtaining vitamin D from the diet as well since, except for in some fish, very little vitamin D is present naturally in the food supply. Nonetheless, vitamin D from either sunlight or diet has been hypothesized to be an important environmental factor that affects the development of a number of chronic diseases including autoimmune diseases like multiple sclerosis (MS) and cancers, especially prostate cancer.
GENES, THE ENVIRONMENT, AND MS
MS is an autoimmune disease of the central nervous system that is of unknown etiology and affects more women than men (2:1 ratio). A number of risk factors for MS have been identified and they can loosely be put into one of two categories -genetic or environmental components. 1, 2 Highlighting the role of genetics in the disease is that family members of MS patients are at an increased (20-40%) risk of developing MS and monozygotic twins are at a further increased (additional 10%) risk of developing MS. However, the concordance rate in identical twins is only 25% for MS. Therefore, even though the twins are genetically identical, 75% of the time only one twin develops MS. The environmental factor(s) that explain this anomaly have been difficult to identify and are, therefore, still largely undocumented. Mapping the distribution of MS reveals it is most prevalent in the northern United States, Canada, and the northern parts of Western Europe. Studies that look at populations migrating from areas of low to high risk for MS suggest that movement before puberty results in an altered risk for MS development, whereas movement after puberty has no effect. 3 In addition, during the last 50 years there has been a dramatic increase in the incidence of not only MS but other autoimmune diseases and immunemediated diseases like allergy and asthma. This increase in immune-mediated diseases is likely due to changes in our environment, not genetic changes, which would take much longer to manifest themselves. In addition, it should be noted that there are strong environmental influences on all of the autoimmune diseases and the geographical patterns remain similar, suggesting that there are likely commonalities in the factors regulating these diseases. While it is clear that environmental factors are the likely cause of the shift towards more autoimmunity, the identity of the specific factor or factors have been difficult to determine.
A prevailing hypothesis that explains the odd geography of MS and the increasing incidence of MS and other immune-mediated diseases has been termed the "hygiene hypothesis". 4 This hypothesis suggests that decreased infectious diseases early in life due to vaccination, improvements in sanitation, and prevalent antibiotic use has resulted in a lack of immune system exposure to infections that, in essence, educate the immune system not to respond to the self. The hygiene hypothesis further stipulates that the high rates of infection in third-world countries that populate much of the equator explain the lack of MS and other immune-mediated diseases in those locations. Experimental data to support the hypothesis include animal studies showing that worm infections protect from experimental autoimmune diseases, including MS. 4 Additional experimental data show that infections induce and/or exacerbate these diseases. 5 Nonetheless, it seems clear that infections have roles to play (perhaps some good and some bad) in the development of MS and other immune-mediated diseases.
The production of vitamin D as a result of exposure to ultraviolet light is an additional environmental factor that varies geographically in roughly the same pattern as MS prevalence. In the late 1970s, the first reports of a hypothetical link between vitamin D or sunlight exposure as a factor that affected the development of MS was proposed. 6 In addition, MS patients have been shown to have low levels of circulating vitamin D compared to controls. 7 In the developed world, in addition to vaccination, physical activity and outdoor exposure has decreased. We suggest there has been a shift in lifestyles in the last 50 years that has resulted in both an obesity epidemic in some areas and a decrease in vitamin D exposure through declining quality of the diet and the amount of time spent working and playing outside. We propose a paradigm shift is required in the hygiene hypothesis that would include vitamin D interactions with infectious organisms and/or other environmental exposures to explain the odd geography of MS and the increased incidence of MS in the developed world.
VITAMIN D AND MS BEYOND GEOGRAPHY
Vitamin D and 1,25(OH) 2D3 have been shown to suppress the autoimmune response in experimental MS. 8 Vitamin D deficiency accelerates the development of experimental MS compared to normal levels of vitamin D in mice with MS. Unfortunately, no experiment using high doses of vitamin D or 25(OH)D3 on experimental MS has been done to date. Instead, 1,25(OH)2D3 treatments have been shown by at least three different groups to suppress the development of experimental MS completely if given prior to disease induction and to block the progression of the disease if given after symptoms develop. In animals, experimental MS is made worse in the absence of vitamin D and is suppressed by active vitamin D treatment. 8 There is some evidence, beyond the suggestive geographical patterns of MS, to propose a connection between vitamin D and MS in humans. Recent observational studies show that vitamin D supplementation at the highest intake levels (599-714 IU/day) are associated with a 40% decrease in the incidence of MS. 9 These investigators did not account for any vitamin D produced in the skin following sunlight exposure, but they did show that the decreased incidence of MS was associated with levels of circulating vitamin D of 75 nmol/L. In the last 3 years, numerous observational studies in different populations of MS patients have found an association of vitamin D, from supplements, diet, or sunshine, with higher circulating levels of vitamin D and decreased incidence, progression, or symptoms of MS. [9] [10] [11] [12] These observational studies clearly and consistently document a positive association between vitamin D and MS.
There is, as yet, still very limited information on the impact of vitamin D supplementation and or 1,25(OH)2D3 treatments on MS. Our group showed that vitamin D supplementation at 1000 IU/day over 6 months led to improvement in circulating vitamin D status (started at 45 nmol/L and ended at 75 nmol/L) and this was associated with an increase in transforming growth factor-b1, which is predicted to be protective for MS. 13 However, symptoms of MS were not reported on and additional studies have been slow to develop. Older studies using fish oil as a source of vitamin D have been reported, but the exact amount of vitamin D was not disclosed. 14, 15 These studies were small, and in one case lacked a control group, but the data do suggest a positive association between fish oil-derived vitamin D and a reduction in MS symptoms. In another study, 1,25(OH)2D3 was given to MS patients and the results showed that 1,25(OH)2D3 was relatively well tolerated and did not exacerbate symptoms in the short term, although elevated serum calcium was problematic. 16 The authors of the 1,25(OH)2D3 intervention concluded that future studies in humans should use some of the many less calcemic analogues under development. More human interventions with vitamin D and various vitamin D metabolites and analogs should be a priority.
HOW VITAMIN D WORKS
The mechanisms underlying the beneficial effects of vitamin D and 1,25(OH)2D3 in experimental MS are beginning to be understood. The benefits from vitamin D could either be due to the beneficial effects of vitamin D on the nervous system and/or the benefits of vitamin D for immune system regulation. There are vitamin D receptors in the central nervous system and there is data showing that vitamin D regulates myelin production by the oligodendrocytes as well as other neuronal processes. 17 It is possible that vitamin D exerts some of its beneficial effects in the CNS. Since the effects of vitamin D and 1,25(OH)2D3 extend to other autoimmune diseases that do not occur in the CNS, it seems obvious that even though there may be non-immune targets for vitamin D in the CNS, a common role of vitamin D in regulation of the immune system across the autoimmune diseases must exist.
The immune system has been shown to be an important vitamin D target. In particular, autoimmune diseases seem to be extremely sensitive to the availability of vitamin D. Other immune responses, including the immune response to infectious organisms, do not seem altered by changes in vitamin D and or 1,25(OH)2D3 treatment. Conversely, every experimental model of autoimmunity tested (experimental MS, inflammatory bowel disease, type-1 diabetes, arthritis, lupus, etc.) show sensitivity to vitamin D status and/or suppression of symptoms by 1,25(OH)2D3. This commonality across this family of diseases in different tissues suggests that vitamin D must function to regulate some shared process among these diseases.
In autoimmune disease there is an inappropriate immune-mediated attack against tissues in the body. The data support a model whereby, when vitamin D is low, the development of disease-causing T cells is increased at the expense of other cells that normally would inhibit the process. 18, 19 The presence of vitamin D or the use of 1,25(OH)2D3 results in a dampening of the diseasecausing cells and a return in the balance of regulatory cells that act to keep auto-reactive cells silent. 19 It should be noted that although vitamin D is an immune system regulator, all immune responses, including the immune response to many infectious organisms, are not suppressed. While there is still a great deal to be learned about these seemingly paradoxical functions of vitamin D in the immune system, it is clear that vitamin D should not be considered an immune suppressant.
CONCLUSION
During the last 5 years the nutrition community has displayed increased interest in studying the effects of vitamin D intakes and status and establishing a connection between vitamin D and MS incidence and symptoms. In addition, great strides have been made towards determining the cellular and molecular mechanisms underlying the effects of vitamin D and vitamin D metabolites on this disease. The challenge is to engage colleagues who treat MS patients in conversations about the proven benefits of modestly increasing vitamin D (bone health) intakes and the potential positive effects of vitamin D on MS disease development. In addition, a need remains to further identify the environmental factors that affect MS, interactions among the environmental factors, the mechanisms of action, and vitamin D and 1,25(OH)2D3 interventions.
